Calorie restriction (CR) extends life span and ameliorates age-related pathologies in most species studied, yet the mechanisms underlying these effects remain unclear. Using mouse skeletal muscle as a model, we show that CR acts in part by enhancing the function of tissue-specific stem cells. Even short-term CR significantly enhanced stem cell availability and activity in the muscle of young and old animals, in concert with an increase in mitochondrial abundance and induction of conserved metabolic and longevity regulators. Moreover, CR enhanced endogenous muscle repair and CR initiated in either donor or recipient animals improved the contribution of donor cells to regenerating muscle after transplant. These studies indicate that metabolic factors play a critical role in regulating stem cell function and that this regulation can influence the efficacy of recovery from injury and the engraftment of transplanted cells.
Calorie restriction (CR) is a dietary intervention that extends life span and delays, prevents, or reduces the severity of age-related pathologies in many species and tissues (Ahmet et al., 2005; Hursting et al., 2003; Russell and Kahn, 2007) . Indeed, agematched animals maintained on a reduced-calorie diet throughout life show fewer malignancies, enhanced cognitive and motor function, and a lower incidence of diabetes, as compared to control animals allowed food ad libitum. Prior studies in the rodent hematopoietic system (Ertl et al., 2008) suggest that lifelong calorie restriction may maintain stem cell function, which normally declines with age, but whether short-term CR in otherwise healthy young animals might enhance the function of tissue stem cells has not been addressed. Moreover, the effect of CR in recipient animals on the efficiency of stem cell engraftment remains unknown. Answers to both of these questions may help to improve the targeting and transplant of stem cells for therapy and illuminate normal metabolic regulators of tissue stem cell function and the age-related factors that typically impair this function (Rossi et al., 2008) .
To assess the effects of short-term CR on tissue stem cell activity, we focused on skeletal muscle, a well-characterized tissue that normally undergoes robust repair in response to injury. Muscle regenerative activity is mediated by a specialized population of precursor cells known as satellite cells (Mauro, 1961) , which reside adjacent to myofibers. Satellite cells are activated by muscle injury to divide and differentiate, regenerating damaged tissue and restoring muscle function (reviewed in Wagers and Conboy, 2005) . The satellite cell pool contains self-renewing muscle stem cells, which can be isolated using antibody staining and fluorescence-activated cell sorting (FACS). A number of different marker combinations have been used for satellite cell isolation (Kuang et al., 2007; Montarras et al., 2005; Sacco et al., 2008; Sherwood et al., 2004; Tanaka et al., 2009 ); here, we identify satellite cells as Figure 1A ; Figure S2A available online), based on our previous analyses demonstrating that this marker combination yields a substantial enrichment of satellite cells that matches or exceeds that seen with other approaches (Montarras et al., 2005; Sacco et al., 2008) . In particular, > 95% of sorted CD45 À Sca1 À Mac1 À CXCR4 + b1-integrin + cells stain for the canonical satellite cell transcription factor Pax7 ( Figure 1D and Cerletti et al., 2008a) , and < 5% express MyoD (Cerletti et al., 2008a) . CD45
cells also coexpress other reported satellite cell markers, including CD34 (100% CD34+; data not shown), Syndecan-4 (100% Syndecan-4+; Cerletti et al., 2008a) , M-cadherin (100% M-cadherin+; Cerletti et al., 2008a) , and alpha7-integrin (95% alpha7-integrin+; Jang et al., 2011) . Most importantly, however,
clonal myogenic activity in vitro and in vivo (Cerletti et al., 2008a (Cerletti et al., , 2008b , replenish the satellite cell compartment upon intramuscular transplantation (Cerletti et al., 2008a) , and are completely devoid of fibrogenic or adipogenic potential as assessed by in vitro differentiation and transplant assays Schulz et al., 2011; Tan et al., 2011) .
phenotypic and functional properties consistent with a highly enriched population of adult muscle satellite cells.
To examine the effect of CR on the overall frequency and myogenic activity of skeletal muscle stem cells, we purified these cells from young C57BL/6 mice, raised initially on control diet and then switched to CR at 2 months of age, or from aged 
Mac1
À cells previously gated also by scatter and vital dyes. Bar chart at right shows the frequency (mean ± SD) of CXCR4 + b1-
À myogenic (nonhematopoietic and nonfibrogenic Joe et al., 2010; Sherwood et al., 2004; Uezumi et al., 2010) cells harvested from skeletal muscle. Data compiled from analysis of n = 7 CR-treated and n = 10 control mice. C57BL/6 mice in which CR was initiated at 18 months of age. In both cases, after 12 weeks of CR (1 week at 20% restriction and 11 weeks at 40% ( Figure S1A ), animals were sacrificed for FACS analysis and myogenesis assays to compare the frequency and activity of satellite cells in their muscles with those of agematched controls. Strikingly, both young and aged animals (now at 5 or 21 months of age, respectively) exposed to shortterm CR showed significantly increased frequencies ( Figures  1A and 1B and S2A and S2B) of Pax7-expressing ( Figure 1D ) satellite cells as detected by FACS analysis. The total yield of satellite cells (per gram of muscle harvested) that could be recovered after cell sorting was also increased for CR muscle ( Figures 1C and S2C ). These CR-induced increases in satellite cell frequency were confirmed by staining for Pax7 + nuclei on isolated myofibers, which demonstrated an $3-fold increase in the number of Pax7 + cells per myofiber in young mice (n = 4, Figure 1F ) and an $2-fold increase in aged mice (n = 4, Figure S2E ). Satellite cells from CR-treated animals also exhibited significantly enhanced myogenic function in ex vivo colony forming assays ($50%-60% increase in the number of cells capable of initiating myogenic colony formation, n = 7 [young] or n = 4 [aged]; Figures 1G and S2F) . In both young and aged CR-treated mice, this enhanced myogenic function was accompanied by an increased fraction of satellite cells expressing the conserved longevity/metabolic regulators Sirt1 and Foxo3a ( Figures 1K  and S2G ). In addition, CR-treated satellite cells in aged mice specifically, exhibited restoration of activation-induced Notch signaling ( Figure S2G ), a critical age-regulated determinant of myogenic function Conboy and Rando, 2002) . Thus, short-term CR, initiated either in youth or in old age, exerts a profound effect on muscle stem cells, altering their gene expression profile, enhancing their endogenous availability, and promoting their myogenic activity.
Given that skeletal muscle of CR-treated animals typically shows increases in fatty acid oxidation and mitochondrial energy production (Anderson and Weindruch, 2010) , we hypothesized that the mechanism by which CR increases satellite cell colony-forming capacity might relate to alterations in mitochondrial bioenergetics. To test this notion, we produced similar metabolic reprogramming in vitro by culturing satellite cells from control animals in media containing galactose instead of glucose, thereby forcing the cultured cells to utilize mitochondrial oxidative phosphorylation for energy production (Marroquin et al., 2007) . Galactose culture of satellite cells from control fed mice significantly enhanced myogenic colony formation, and this increase in myogenic activity was blocked in the presence of etomoxir ( Figure 1H ), a specific inhibitor of mitochondrial fatty acid oxidation (Baht and Saggerson, 1989) . In addition, comparison of the overall function of mitochondria in satellite cells from control and CR-treated mice revealed a significant increase in oxygen consumption rate in CR-treated satellite cells ( Figure 1J ). Conversely, glycolytic lactate production was dramatically decreased in CR satellite cells ( Figure 1J ), suggesting that under CR, satellite cells rely more on oxidative phosphorylation than glycolysis for energy production. Finally, immunofluorescence staining for mitochondria ( Figure 1I ) and western blotting for mitochondrial proteins ( Figure 1L ) revealed an increase in mitochondrial abundance in satellite cells from CR mice. Thus, consistent with reports on CR-induced metabolic reprogramming in whole organs (reviewed in Anderson and Weindruch, 2010) , CR induces in satellite cells substantial alterations in mitochondrial mass and function, which promote oxidative metabolism. Moreover, an in vitro intervention (galactose) that likewise enhances mitochondrial energy production recapitulates the beneficial effects of CR on satellite cells, implicating modulation of mitochondrial bioenergetics as a likely mechanism by which CR enhances satellite cell frequency and activity in skeletal muscle.
The increased frequency and function of satellite cells within the muscle of CR-treated animals suggests that this simple dietary intervention may hold promise for enhancing the therapeutic efficacy of muscle stem cells in the context of muscle disease or dysfunction. To test this possibility, we analyzed the regenerative activity after injury of endogenous satellite cells in CR or control mice, and the engraftment potential of donor satellite cells harvested from short-term CR or control fed mice and transplanted into the muscles of recipient mdx mice, a well-studied model of Duchenne muscular dystrophy (Sicinski et al., 1989) . Remarkably, previously injured tibialis anterior (TA) muscles from CR mice exhibited improved regenerative capacity, indicated by a higher density of newly formed myofibers in comparison to control mice at 7 days after injury (n = 7 [CR] or n = 6 [Ctl]; Figure 2A ). Moreover, transplant of satellite cells from CR-treated donors generated almost twice as many donor-derived (dystrophin-expressing) myofibers as an equal number of satellite cells from control mice (n = 4 [CR] or n = 3 [Ctl] recipient mice; Figure 2B ), signifying a substantial enhancement of transplantation efficiency and in vivo regenerative potential of muscle stem cells harvested from donors subjected to short-term CR.
Interestingly, the beneficial effects of CR were not limited to the stem cell donor. In a complementary experiment, we transplanted fluorescently labeled (GFP + ) satellite cells from ad lib fed mice into CR-treated C57BL/6 mice, in which CR was initiated at 10 weeks of age, or into age-matched controls. CR was continued for an additional 4 weeks after transplant. Strikingly, despite receiving the same donor cells as control fed recipients, when sacrificed for analysis, CR recipients showed $4-fold greater engraftment of myofibers (n = 4 mice per group, Figure 2C ), demonstrating increased contribution of transplanted cells to muscle regeneration under CR conditions. We hypothesize that the beneficial impact of CR in the host for satellite cell engraftment relates at least in part to the anti-inflammatory effects of CR. Consistent with previous studies showing reduced inflammation in CR-treated animals (reviewed in Fontana, 2009) , CR mice in our experiments exhibited a significant reduction in the frequency of inflammatory cells in muscle as compared to controls ( Figures 1E and S2D) . Interestingly, it has been demonstrated that cell transplantation into the muscle of immunocompetent animals leads frequently to acute cell death. In the case of myoblast transplant, 95%-99% of transferred cells may die within days of transplant, and this death has been proposed to result from an innate immune/inflammatory response mounted by the host (Tremblay and Guerette, 1997) . Thus, we predict that the increased engraftment seen in CR recipients may be explained by improved survival of the transplanted cells in CR muscle as opposed to control muscle due to a CR-induced decrease in the host inflammatory response. In summary, the data presented here demonstrate that reduced-calorie intake rapidly alters the physiology and function of muscle stem cells, such that even short-term CR, initiated late in life (18 months, Figure S2 ), has significant beneficial effects in enhancing myogenic activity. Preliminary experiments using even older mice (27 months at time of sacrifice) indicate that short-term CR induces similar increases in muscle stem cell frequency in these animals as well (data not shown). These beneficial effects are associated with a dramatic metabolic reprogramming that favors oxidative over glycolytic metabolism and is linked to alterations in pivotal regulators of mitochondrial mass and function, including the NAD-dependent protein deacetylase SIRT1. Probably in conjunction with other critical nutrient sensors such as AMPK, a key regulator of mitochondrial biogenesis in response to energy deprivation (Cantó and Auwerx, 2009; Zong et al., 2002) , SIRT1 may regulate mitochondrial metabolism in CR-treated satellite cells through activation of PGC-1a (Gerhart-Hines et al., 2007) and FOXO (Jacobs et al., 2008) ). Importantly, the enhanced myogenic function of satellite cells in the CR environment significantly accelerates endogenous repair and improves the capacity of donor muscle stem cells to productively engraft transplant recipients. These results support the notion that both cell-autonomous and nonautonomous factors, particularly metabolic regulators, contribute to the detrimental effects of aging on muscle regenerative function and therefore represent candidate targets for therapeutic intervention. Experimental design for each study is shown at left. (A) TA muscles of young CR-treated or control C57BL/6 mice were freeze-injured and harvested for histology 7 days after injury. Muscle regeneration was quantified on hematoxylin/eosin (H&E) tissue sections as the mean number of centrally nucleated myofibers per mm 2 (n = 7 CR and n = 6 Ctl, mean ± SD), and indicate an $15% increase in the number of newly formed fibers in the regenerated tissue of CR mice. These findings are consistent with other studies (McCarthy et al., 2011; Murphy et al., 2011) indicating a correlative, but not necessarily quantitative, relationship between the endogenous content of muscle satellite cells (increased $2-fold in CR-treated mice, Figures 1C and 1F ) and the number of regenerating myofibers after injury. (B) Eight thousand double-sorted satellite cells from CR-treated (n = 4) or control (n = 3) mice were injected intramuscularly into mdx recipients injured 1 day previously by injection of cardiotoxin (CDTX) into the same TA muscle. Transverse cryosections of muscles receiving CR-treated (left) or control (right) satellite cells were stained with anti-dystrophin antibody (red; middle panels). Dystrophin normally is lacking in mdx muscle (Sicinski et al., 1989) and therefore serves as a marker of donor cell contributions to muscle regeneration. Data are presented as the mean (±SD) number of dystrophin + myofibers found in each engrafted muscle.
(C) Five thousand double-sorted GFP-expressing satellite cells from control mice were injected into the TA of CR-or control-treated C57BL/6 mice (n = 4 per group), injured 1 day previously by CTDX injection. Transverse cryosections from muscles harvested 4 weeks after transplant were analyzed for GFP expression by direct epifluorescence. Data are presented as the mean (±SD) number of GFP + myofibers (green; middle panels) found in each engrafted muscle. Data were considered statistically significant at p < 0.05 and all p values were calculated by Student's t test. Note that overall levels of engraftment into mdx recipients are superior to those in wild-type recipients (compare B to C), probably due to differences in endogenous muscle stability, regenerative activity, and host muscle stem cell number (Cerletti et al., 2008a) .
Cell Stem Cell
Stem Cell Activity Enhanced by Calorie Restriction 518 Cell Stem Cell 10, 515-519, May 4, 2012 ª2012 Elsevier Inc.
